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and GTP (Stark et al., 1997a, 2002; Agrawal et al., 2000a;1Howard Hughes Medical Institute
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for the large conformational changes in the ribosomeWadsworth Center
that bring about the translocation event (Agrawal et al.,3 Department of Biomedical Sciences
1999; Frank and Agrawal, 2000). However, despite theirState University of New York, Albany
different agendas, the ribosomal pre- and poststatesEmpire State Plaza
have very similar morphologies, at least as judged fromAlbany, New York 12201
cryo-electron microscopy (cryo-EM) maps at resolu-4 Department of Cell and Molecular Biology
tions in the 15–20 A˚ range (Stark et al., 1997b; AgrawalBiomedical Center
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Recent biochemical experiments have revealed thatSweden
the presence or absence of a nascent peptide on the
P-site bound tRNA controls the mode of interaction be-
tween the ribosome and three translation factors; initia-Summary
tion factor 2 (IF2), EF-G, and peptide release factor 3
(RF3) (Zavialov and Ehrenberg, 2003 [this issue of Cell];During the ribosomal translocation, the binding of
Zavialov et al., 2001, 2002). Normally, EF-G·GTP bindselongation factor G (EF-G) to the pretranslocational
to the ribosome bearing a deacylated P-site tRNA andribosome leads to a ratchet-like rotation of the 30S
a peptidyl-tRNA in the A site, i.e., a prestate ribosome.subunit relative to the 50S subunit in the direction
However, EF-G·GTP also binds with high affinity to aof the mRNA movement. By means of cryo-electron
postribosome, obtained by removing the peptide frommicroscopy we observe that this rotation is accompa-
the peptidyl-tRNA originally in the P site by the antibioticnied by a 20 A˚ movement of the L1 stalk of the 50S
puromycin (Zavialov and Ehrenberg, 2003 [this issue ofsubunit, implying that this region is involved in the
Cell]). Puromycin mimics the aminoacyl-CCA end of thetranslocation of deacylated tRNAs from the P to the
A-site tRNA in the peptidyl-transferase reaction; it ac-E site. These ribosomal motions can occur only when
cepts the polypeptide from the P-site tRNA and dissoci-the P-site tRNA is deacylated. Prior to peptidyl-trans-
ates from a ribosome with a deacylated P-site tRNA andfer to the A-site tRNA or peptide removal, the presence
an empty A site (Traut and Monro, 1964). This observa-of the charged P-site tRNA locks the ribosome and
tion suggests that the removal of the peptide from theprohibits both of these motions.
P-site tRNA by peptidyl-transfer allows the ribosome to
switch into a conformation similar to that induced byIntroduction
EF-G·GTP binding to the prestate, even in the absence
of a peptidyl-tRNA in the A-site tRNA (Zavialov and Eh-During the protein elongation cycle, the ribosome alter-
renberg, 2003 [this issue of Cell]).nates between two conformational states: the pre-
Using cryo-EM, we have studied ribosomal com-translocational (“pre”) state, where the ribosome has a
plexes with a vacant A site and bearing either a tetrapep-deacylated tRNA in the P site and a peptidyl-tRNA in
tidyl-tRNA or, after treatment of the poststate ribosome
the A site; and the posttranslocational (“post”) state,
with puromycin, a deacylated tRNA in the P site. As in
where the ribosome has a peptidyl-tRNA in the P site
the case of the pre- and poststates (Stark et al., 1997b;
and an empty A site. The transition of the ribosome from Agrawal et al., 2000b), no large structural difference is
the pre- to the poststate is catalyzed by EF-G·GTP in a observed. When the study was extended to several 70S
reaction stimulated by hydrolysis of GTP to GDP and ribosome·EF-G complexes, it became clear that as long
inorganic phosphate (Ishitsuka et al., 1970; Rodnina et as the P-site tRNA is still charged with the tetrapeptide,
al., 1997). In this transition, the mRNA·(tRNAs) complex no relative rotation between subunits is induced in the
moves through the inter-subunit space of the ribosome presence of EF-G. In contrast, puromycin treatment and
by one codon, and the A- and P-site tRNAs are translo- subsequent removal of the peptide from the P-site tRNA
cated to the P and E sites, respectively. Even in the allows a high affinity interaction with EF-G·GTP and pro-
absence of GTP hydrolysis, the interaction between duces the ratchet-like subunit rotation. Thus, the pres-
EF-G and the ribosome induces a ratchet-like rotation ence or absence of a peptide bound to the P-site tRNA
of the small (30S) subunit relative to the large (50S) appears decisive in determining the ribosome’s disposi-
subunit (Frank and Agrawal, 2000). tion for conformational change. In the presence of pep-
The pre- and poststate ribosomes carry out different tide, the ribosome is locked into a state that prohibits
functional tasks, and major conformational rearrange- the conformational change (i.e., the ratchet rotation) re-
ments could therefore be expected. A postribosome must quired for translocation, while its absence leaves the
be stable and have a structurally well-defined A site that ribosome in a labile state that allows this rotation to
occur upon EF-G binding.
Interestingly, during the ribosomal ratchet rotation,*Correspondence: joachim@wadsworth.org
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the deacylated P-site tRNA changes its position and sulting 3D maps are shown in Figures 1C–1E. Ribo-
somes with MFTI-tRNAIle in the P site (Figure 1A) havemoves to a hybrid P/E position (Bretscher, 1968; Moazed
low affinity to EF-G·GDPNP (Zavialov and Ehrenberg,and Noller, 1989), a possible translocation intermediate.
2003 [this issue of Cell]) and, as expected, no suchIn addition, the L1 stalk of the 50S subunit moves toward
complex could be seen by cryo-EM. However, the usethe inter-subunit space, where it interacts with the ob-
of GDP instead GTP allowed us to obtain a 70S·EF-served P/E tRNA. In line with previous suggestions and
G·GDP·fus complex with peptidyl-tRNA in the P site. Theobservations (Gomez-Lorenzo et al., 2000; Harms et al.,
3D map for the 70S·MFTI-tRNAIle·EF-G·GDP·fus complex2001), this conformational change suggests that the L1
shows EF-G (in red) bound below the base of the L7/stalk plays a pivotal role in the translocation process.
L12 stalk as in previous cryo-EM studies (Agrawal et al.,These results, together with other findings (Zavialov
1998, 1999, 2000a; Stark et al., 2000). Fus is an antibioticand Ehrenberg, 2003 [this issue of Cell]; Zavialov et al.,
that stalls the ribosome in complex with EF-G·GDP in a2002), support the notion that the P-site tRNA—apart
state proposed to precede the conformational changesfrom mRNA the only nonribosomal element always pres-
that release EF-G from the ribosome after translocationent on the ribosome during protein synthesis—is a major
(reviewed in Rodnina et al., 2001). Previous experimentsdeterminant of the ribosomal behavior, and that its state
showed that binding of EF-G·GTP to a prestate ribosome(peptide or no peptide) controls the sequence of interac-
(peptidyl-tRNA in the A site and deacylated tRNA in thetions between the ribosome and several translation fac-
P site) in the presence of fus promotes a “ratchet-like”tors. This regulation includes the locking and unlocking
rotation of the 30S relative to the 50S subunit that stallsof characteristic motions intrinsic to the ribosomal archi-
the ribosome in a long-lived complex with EF-G·GDPtecture.
(Frank and Agrawal, 2000). In the complex depicted in
Figure 1C, in contrast, no such conformational changeResults and Discussion
can be observed after binding of EF-G·GDP together
with fus, although EF-G in its GDP form becomes stablyUnlocking of Ribosomal Motions
bound to the ribosome in the presence of the drug;The presence versus absence of a peptide or just a
despite its strong interaction with the factor, the ribo-single amino acid on the P-site bound tRNA strongly
somal subunits remain in the relative position they hadaffects the affinity of the bacterial ribosome to the three
before the interaction with EF-G (Figure 1A). Accord-translation factors IF-2, EF-G, and RF3 (Zavialov and
ingly, the ribosome appears to be locked in a state thatEhrenberg, 2003 [this issue of Cell]). The most likely
prohibits any structural rearrangement upon the bindingexplanation is that there are certain structural changes
of the factor.in the ribosome that regulate the action and GTPase
The scenario changes when the binding reaction isactivity of these essential G proteins. Cryo-EM and
made in the presence of puromycin, which removes thethree-dimensional (3D) reconstruction techniques were
peptide from peptidyl-tRNA. In this case, the interactionapplied to several E. coli 70S complexes (see Experi-
of EF-G·GDP·fus with the 70S ribosome promotes sev-mental Procedures). The first analysis was made with
eral major changes (Figure 1D). The tRNA in the P site
70S ribosomes, containing either the tetrapeptidyl-tRNA
has moved to what appears to be a P/E hybrid site
MFTI-tRNAIle (Figure 1A) or its deacylated counterpart
(Figure 1D) as postulated by Moazed and Noller (1989),
tRNAIle (Figure 1B) in the P site. The former complex is
very different from the previous P or E site positions
a poststate ribosome formed in an EF-G driven translo- (Figures 1A, 1B, and 1C). The anticodon of the tRNA is
cation event. The latter complex, obtained by transfer still in the P site of the 30S subunit, while its CCA end
of the tetrapeptide from the P-site tRNA to the antibiotic is in the E site of the 50S subunit. The tRNA previously
puromycin, can be recycled by RRF and EF-G (Zavialov in the E site has dissociated from the ribosome, and a
and Ehrenberg, 2003 [this issue of Cell]). It is functionally more detailed comparison with the EF-G free complexes
and structurally indistinguishable from a posttermina- (Figures 1A and 1B) reveals that the previously described
tion ribosome where the ester bond in peptidyl-tRNA ratchet-like motion (Frank and Agrawal, 2000) has oc-
has been hydrolyzed by the action of a class I peptide curred. Here, however, this movement has taken place
release factor (Rawat et al., 2003) that has been subse- in the absence of a peptidyl-tRNA at the A site. When
quently removed by the action of the class II peptide EF-G binds to the ribosome (Figure 1D), the 30S subunit
release factor RF3 (Zavialov et al., 2001, 2002). Compari- rotates counterclockwise with respect to the 50S sub-
son of these complexes before (Figure 1A) and after unit. Furthermore, the L1 stalk of the 50S subunit moves
(Figure 1B) puromycin treatment shows that the overall in the direction opposite to the movement of the 30S
ribosomal architecture is very similar in the two cases. subunit head, toward the inter-subunit cavity (compare
Not even the position of the P-site tRNA (in green) Figures 1B and 1D), where it interacts with the P/E-
changes when its peptide link with the peptidyl-trans- tRNA.
ferase center in the 50S subunit (Figure 1A) is removed Removal of the peptide from the tRNA at the P site
by the action of puromycin (Figure 1B). It can therefore of a poststate ribosome enhances its affinity to EF-G in
be concluded that puromycin treatment per se does not the GTP form and induces EF-G dependent hydrolysis
induce a structural change in the ribosome of sufficient of GTP (Zavialov and Ehrenberg, 2003 [this issue of
magnitude to be recognized at the resolution (10–13 A˚) Cell]). The 3D map of such a ribosome in complex with
obtained in our study. EF-G and the nonhydrolyzable GTP analog GDPNP is
The structural study includes the interaction of these depicted in Figure 1E. Both the rotation between the
two ribosomal complexes with EF-G in the presence of subunits and the movement of the L1 stalk that were
seen as a result of EF-G·GDP·fus binding after puromy-either GDP and fusidic acid (fus) or GDPNP. The re-
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Figure 1. Unlocking of Ribosomal Conformational Changes
Solid and semitransparent representations of ribosomal 3D maps. The complexes are: 70S·MFTI-tRNAIle (A); 70S·MFTI-tRNAIlepuromycin (B);
70S·MFTI-tRNAIle·EF-G·GDP·fusidic acid (C); 70S·MFTI-tRNAIle·EF-G·GDP·fuspuromycin (D); and 70S·MFTI-tRNAIle·EF-G·GDPNPpuromycin
(E). In the semi-transparent views the A, P, and E sites are labeled. EF-G is depicted in red; P-site tRNAs in green; E-site tRNAs in orange;
and the P/E hybrids in an intermediate color (between the green of the P-site tRNA and the orange of the E-site tRNA). The conformational
changes in the ribosome are indicated by dashed arrows in (D) and (E). The red arrows in (D) and (E) indicate the direction of the conformational
changes.
Landmarks: CP, central protuberance; sb, base of the L7/L12 stalk; h, head; L1, L1 stalk of the 50S subunit.
cin treatment (Figure 1D) do occur also here and, simi- Agrawal, 2000). The binding of the factor did induce
the relative rotation between subunits, seen here in thelarly, only a P/E-tRNA is present in the ribosome (Figure
1E). Since EF-G in the GTP conformation cannot bind presence of both tRNA and mRNA (Figures 1D and 1E).
From this it can be concluded that the conformationalto postribosomal complexes (Figure 1A; Zavialov and
Ehrenberg, 2003 [this issue of Cell]), we conclude that change is an intrinsic property of the two-subunit design
of the ribosome itself, and that the rearrangement isbinding of EF-G in the GTP form requires an unlocked
ribosome, i.e., a ribosomal state that is able to switch catalyzed by EF-G. However, the presence of tRNAs
alters this behavior. Specifically, the state of the P-siteto a conformation with high affinity to EF-G·GDPNP.
With this consideration in mind, we will refer with the tRNA regulates the ratchet rotation upon the interaction
of the ribosome with EF-G. A charged tRNA at the Pterm “locked” to ribosomes bearing a charged P-site
tRNA, while ribosomes bearing a decylated tRNA in the site (poststate ribosome in Table 1) does not allow a
high-affinity interaction between the ribosome and EF-P site will be described as “unlocked”.
The relative movement between ribosomal subunits G·GTP, and even when the factor binds in its GDP form
with fus, the subunit rotation does not take place. Asduring the 70S·EF-G interaction has been analyzed in
several complexes in previous work, and some of the shown by the use of puromycin with those complexes
(poststate ribosome and puromycin in Table 1), whenprevious and present cryo-EM maps are summarized in
Table 1. In the first complex, EF-G and a GTP analog this tRNA is deacylated, high-affinity interactions be-
come allowed for both EF-G·GDPNP and EF-G·GDP·fus,were bound to an empty 70S ribosome, containing nei-
ther tRNA nor mRNA (Agrawal et al., 1999; Frank and since now the ratchet-like rotation of the subunits can
Cell
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Table 1. Observations in 70S·EF-G Complexes
Ribosomal Complex EF-G P-site tRNA A-site tRNA Ratchet Rotation L1 Stalk
Empty 70Sa GTP analog - -  open/closed
Prestatea GTP fus deacylated charged  open/closed
Poststate GTP analog charged - - open
No binding
Poststate GDP fus charged - - open
Poststate and puromycin GTP analog deacylated -  closed
Poststate and puromycin GDP fus deacylated -  closed
The table shows a summary of conformational changes in the ribosome in different complexes analyzed in our group. The ratchet-like rotation
between ribosomal subunits and the movement of the L1 stalk correlate with deacylated-tRNAs in the P-site or with empty ribosomes. L1
open/closed indicates a superposition of the two conformations in the cryo-EM maps. The complexes with (a) were described in Frank and
Agrawal, 2000; the rest of the complexes in the table are taken from the present work.
take place, presenting the correct binding constellations complexes made in the presence of puromycin leads to
a tRNA that is held by the L1 stalk in a P/E positionfor these ligands.
It is clear that the 70S ribosome becomes unlocked (Figures 1D and 1E), in a similar way that the E-site tRNA
is held in the factor-free ribosome (Figures 1A and 1B)by the removal of the peptide from the peptidyl-tRNA
in the P site, but this event per se does not lead to a or in the locked complex (Figure 1C). The contact of the
L1 stalk with the tRNA residing in the P/E site and E site,detectable change in the ribosome structure. One at-
tractive explanation for the unlocking event is that it is respectively, is apparently maintained by a movement of
the L1 stalk, away from the inter-subunit space of thelinked to the ability of the P-site tRNA to enter the hybrid
P/E site, which can only occur when the peptide has ribosome, that follows the trajectory of the tRNAs. Fig-
ures 2A and 2B show clearly that there is a pivotingbeen cleaved off the CCA end of the tRNA. The P-site
tRNA interacts with several elements on the inner sur- movement of the L1 stalk at the base of helix H76, close
to the ribosomal proteins L2 and L9 (labeled in Figureface of the central protuberance in the 50S subunit, and
its anticodon stem is buried between the head and the 2B). The size of this movement can be measured when
both positions are displayed together (Figure 2C): thebody of the 30S subunit. Among the previously charac-
terized contacts are those with protein L5 in the large distal part of the stalk moves by approximately 20 A˚,
and the angle between the two positions is about 20. Insubunit and protein S13 in the small subunit (Yusupov
et al., 2001). In the ratchet rotation motion, the central the structure of the 70S ribosome from T. thermophilus
(Yusupov et al., 2001) the E-site tRNA was held by theprotuberance and the head of the 30S subunit experi-
ence the maximal relative displacement. Another, and L1 stalk in the closed position (as in Figure 2B), but its
position is different from the E site that we deduce inperhaps complementary explanation, is that as long as
the P-site tRNA is connected to the peptidyl-transferase the present work, where the tRNA interacts with the L1
stalk in the open position (as in Figure 2A). Those differ-center (PTC) by its peptide, it might act as a stabilizing
link between these ribosomal parts, thereby preventing ent E-site tRNA positions, together with the P/E tRNA,
could be part of a pathway of the tRNA moving fromtheir relative movement. Severing the tRNA from the
peptide would, following this explanation interrupt its the P site to the final position, from where it exits the
ribosome (Figures 2D–2G). It must be noted that theconnection to the PTC, thus enabling the movement.
tRNAs in Figures 2E–2G, in the P/E, EY (from Yusupov
et al., 2001) and E states, are seen to have a closeMovement of the L1 Stalk
The L1 stalk of the large subunit is composed of helices interaction with protein L1 and helix H79 of the 23S rRNA
in the L1 stalk.H76–78 from 23S rRNA and protein L1. It interacts with
the elbow region of the E-site tRNA, and it has been In our complexes, the L1 stalk movement and the
subunit rotation occur only when ribosomes with a deac-suggested that dissociation of this tRNA requires the
L1 stalk to move (Gomez-Lorenzo et al., 2000; Yusupov ylated P-site tRNA interact with EF-G (Table 1). Similar
changes in the L1 region were detected in the Saccharo-et al., 2001). Recently, the crystal structure of the 50S
subunit from Deinococcus radiodurans (Harms et al., myces cerevisiae ribosome (Gomez-Lorenzo et al., 2000)
and were correlated with the presence or absence of2001) revealed that the entire L1 stalk is tilted by 30
compared to its orientation in the crystal structure of tRNAs and elongation factor 2 (EF2, the eukaryotic ho-
molog of EF-G). In the E. coli ribosome, upon its interac-the 70S ribosome from Thermus thermophilus (Yusupov
et al., 2001). This observation led Harms and coworkers tion with EF-G, the L1 stalk appeared as a bilobed struc-
ture (Agrawal et al., 1999; Frank and Agrawal, 2000),(2001) to postulate, in line with earlier suggestions based
on cryo-EM of the eukaryotic ribosome (Gomez-Lorenzo which was explained as a mixture of conformations cor-
responding to the closed and the open states (Table 1).et al., 2000), that the ribosome structure alternates be-
tween an “open” conformation, where the exit path of Coupling of L1 stalk movement and tRNA transloca-
tion, directly visualized in our reconstructions, was sug-the E-site tRNA is free (as observed in the structure of
D. radiodurans), and a “closed” conformation, in which gested by several findings. A P-site tRNA analog, com-
prising only the anticodon arm and therefore unable tothe exit path is blocked (as in T. thermophilus).
In the present work, binding of EF-G to 70S ribosome interact with the L1 stalk, inhibits translocation (Joseph
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Figure 2. Coupling of the L1 Stalk Motion
with the Movement of tRNAs
Rendering of the 70S·MFTI-tRNAIlepuro-
mycin complexes before (A) and after (B) the
interaction with EF-G·GDPNP (a nonhydrolyz-
able GTP analog). The L1 stalk region of the
50S subunit can be seen open (A) or closed
(B) upon the interaction with EF-G. In both
images a view of the 50S subunit from the
inter-subunit cavity is presented, while the
thumbnails show the orientation of the ribo-
some. The conformational change of the L1
stalk can be observed in (C) with both confor-
mations of the 50S subunit represented to-
gether, with the one from (A) shown in semi-
transparent pink, and the one from (B) in solid
blue.
(D–G) show the experimentally observed po-
sitions of different tRNAs, as follow: P, P-site
tRNA; P/E, P/E hybrid observed in this work;
EY, E-site tRNA in the crystal structure from
Yusupov et al., 2001; E, E-site tRNA shown
in this work.
Labels and landmarks: L9, ribosomal protein
L9; L2, protein L2; H76, helix 76 from the 23S
rRNA; L1, L1 protuberance or stalk in the 50S
subunit.
and Noller, 1998). Ribosomes lacking protein L1 have Agrawal, 2000), undefined regions remained in the final
3D maps (data not shown). This suggested that the aa reduced rate of protein synthesis (Subramanian and
priori biochemical uniformity of the samples did notDabbs, 1980) and modifications of the 3-end of the
translate into a homogeneous structural display amongP-site tRNA adversely affect the GTPase activity of EF-G
the individual ribosomes.and reduce the translocation rate by up to 40-fold. This
One puzzle was the low occupancy of the EF-G·GTPsuggested a cooperative function between the E site
form (with a noncleavable GTP analog) in the ribosomaland the EF-G binding site mediated by conformational
complexes containing both P- and A-site tRNAs (Agra-changes of the ribosome (Lill et al., 1989).
wal et al., 1999). The results of the present experimentsTogether with these previous findings, our data sug-
now suggest this low occupancy to be the inevitablegest that upon the binding of EF-G, and combined with
consequence of a general locking/unlocking phenome-the ratchet-like rotation, the L1 stalk moves closer to
non. During normal translocation mediated by EF-G, thethe P site region, takes hold of the tRNA (in the closed
peptidyl-tRNA in the A site is moved to the P site. Since,conformation), then, upon transition to the open state,
however, a peptidyl-tRNA in the P site is incompatiblepulls it toward the exit of the ribosomal inter-subunit
with binding of EF-G in the GTP form (Zavialov andspace. The P/E tRNA position defined in the present
Ehrenberg, 2003 [this issue of Cell]) because the ribo-work could represent a translocation intermediate in the
some is locked (this work), no such stable complexestransition of the tRNA from the P to the E site. Therefore,
can be expected. In the complexes presented here, thethe L1 stalk appears to participate in the translocation
absence of a peptidyl-tRNA in the A site prevents theprocess itself, rather than being limited to that of a gate
normally occurring EF-G dependent transition to a post-for the E-site tRNA.
ribosome with peptidyl-tRNA in the P site. Therefore,
these complexes allow characterization of the EF-G de-
Molecular Aspects of the Ratchet-like Rotation pendent ratchet-like rotation between the ribosomal
The relative rotational motions of the two subunits dur- subunits.
ing the interaction with EF-G were suggested to be fun- Figure 3 presents a detailed comparison between the
damental for the translocation process (Frank and Agra- puromycin-treated 70S·MFTI-tRNAIle complex before
wal, 2000). However, these motions are still not well (Figures 3A and 3B) and after (Figures 3C and 3D) inter-
understood since it has proved difficult to obtain suffi- action with EF-G·GDPNP. The largest relative movement
ciently stable and uniform complexes of reaction inter- between the 50S and the 30S subunits occurs at the
mediates to allow for cryo-EM analysis of their struc- connection between the central protuberance of the 50S
tures. Although we could improve the resolution to the subunit and the head of the 30S subunit. In Figures 3B
12–13 A˚ range of several previously analyzed 70S ribo- and 3D some of the structural elements present in this
region are shown, fitted into the densities of both cryo-some·EF-G complexes (as those described in Frank and
Cell
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Figure 3. Relative Ribosomal Subunit Rota-
tion in the Interaction with EF-G
Cryo-EM maps of the 70S·MFTI-tRNAIlepu-
romycin samples before (A and B) and after
(C and D) the addition of EF-G·GDPNP. The
ratchet-like rotation of the 30S subunit with
respect to the 50S subunit is clear in (C),
where the connection between the central
protuberance (CP) of the 50S and the head
(h) of the 30S has changed compared with
(A). In (B) and (D), the ribosomal subunits are
semitransparent and the insets show the ele-
ments that form the central protuberance-
head connections of inter-subunit bridges
(B1a, B1b, and B1c).
The rotation of the 30S subunit seen from the
inter-subunit cavity is depicted in (E) and (F).
In (E), the position of the small subunit before
the interaction with EF-G (semitransparent
pink) is compared with its position upon ribo-
some·EF-G interaction (solid yellow). If the
subunit is taken as a rigid body, the axis of
rotation would be between the inter-subunit
bridges B3 and B5a on helix 44 (E).
(F) shows EF-G (solid red) interacting with the
30S subunit of the complex depicted in (C).
The inter-subunit bridges that do not change
in the ratchet movement are represented by
empty black circles. Those bridges that move
during the conformational change are marked
by filled red circles. Their original positions
are labeled with dashed black circles.
EM maps. There are three bridges in this region (Ga- B3 and B5a (Gabashvili et al., 2000; Yusupov et al., 2001)
in helix h44 of the 16S rRNA, above the region of helixbashvili et al., 2000), which change significantly when
EF-G binds to the ribosome. In two of the bridges, B1b h27. This observation is compatible with the recent
study of the ratchet-like rotation motion carried out byand B1c, the contacts with protein L5 move to different
regions of protein S13. In the third bridge, B1a, the real-space refinement (Gao et al., 2003), where helix
h27 of the 16S rRNA, known to switch between twoconnection that the helix H38 of the 50S subunit forms
with S13 (in the factor-free ribosome, Figure 3B) is lost conformations (Lodmell and Dahlberg, 1997), has been
identified as the axis of the ratchet-like rotation in theand protein S19 becomes the new contact point on the
30S subunit side (in the ribosome·EF-G·GDPNP com- 30S ribosomal subunit. The rotation of the subunit head
around this axis (as measured between the differentplex, Figure 3D). It is obvious that proteins L5 and S13
play a central role in this motion. The fact that the P-site positions of the fitted proteins S13 and S19) is about
10, and the lateral movement of the tip of h44 paralleltRNA interacts with both proteins (Yusupov et al., 2001)
supports the idea of a mechanical coupling between to the mRNA pathway is about 8 A˚ in agreement with a
previous estimate (Agrawal et al., 1999; VanLoock et al.,this tRNA and the ribosomal subunit rotation, which can
explain the locking and unlocking of the conformational 2000). The observed conformational changes can be
explained by the interaction of EF-G with the 30S subunitchange. The other bridges are conserved and display
no changes at the resolution of the maps. (Figure 3F): the factor binds in the neck region, acting
as a molecular wedge between the head and the base,The alternate bridge connections define two extreme
positions in the reorganization of the ribosome. In Figure pushing the head of the 30S in the direction of the sub-
unit rotation. EF-G interacts directly with h44, promoting3E, we compare the positions of the 30S subunit in
the two complexes when viewed from the inter-subunit the movement of this helix toward the P site. In the
rotation of h44 the pivotal point is close to protein S12,space. The described changes in the inter-subunit brid-
ges that connect the head of the 30S subunit with the another region that EF-G binds to.
In the ribosomal recycling step, carried out by EF-Gcentral protuberance of the 50S subunit allow the large
displacements in the head and the spur regions associ- and ribosomal recycling factor RRF (Karimi et al., 1999;
Hirokawa et al., 2002), there are initially a deacylated-ated with the subunit rotation (Figure 3F). The axis of
the rotation passes through a point between the bridges tRNA in the P site and a stop codon in the A site (see
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Figure 4. Docking of EF-G
Stereo views of the fitted EF-G·GDP structure in the cryo-EM density for EF-G·GDPNP (semitransparent red). In (A) relative movements between
domains were allowed, while in (B) the EF-G·GDP coordinates were used as a rigid body and only domains I and II were docked.
Figure 1B). Binding of EF-G·GTP to such a ribosomal accuracy in the docking with an error estimate of 1 A˚
(see Supplemental Data available at http://www.cell.complex presumably causes the same conformational
change as seen in Figures 3E–3F. In the presence of com/cgi/content/full/114/1/123/DC1). Domains I and II
did not require any relative movement compared to theirRRF, which binds in the inter-subunit space of the ribo-
some and overlaps with the CCA end of the P-site tRNA position in the EF-G·GDP structure and they were
docked as one piece (Figure 4B). In the case of domains(Lancaster et al., 2002), the ratchet-like movement could
extensively disrupt the inter-subunit bridges. This, we III, IV, and V the conformational change between the
two forms is clear: in the cryo-EM density of the complexsuggest, is the structural basis for ribosome splitting
into subunits by RRF and EF-G (Karimi et al., 1999). in the GTP state, those three domains shift and rotate
moving the tip of domain IV by approximately 37 A˚ fromFigure 4 presents the density of EF-G in complex with
the noncleavable GTP analog GDPNP and the result of its position in the crystal. Comparing the position of
domain IV of our docked EF-G with the coordinates ofthe fitting of the X-ray structure of a mutant factor (the
only structure with the complete coordinates for domain the wild-type EF-G in complex with GDP (Czworkowski
et al., 1994), this distance is around 33 A˚. This domainIII for EF-G) in complex with GDP (Laurberg et al., 2000).
The docking was carried out manually in O (Jones et forms the aforementioned contact point of the factor
with h44 and the head of the 30S subunit, close to theal., 1991) using the domains of the protein as rigid bod-
ies. The good representation of the factor and the de- decoding center. The relative flexibility of these domains
is important for the coupling of GTP hydrolysis on EF-Gtailed resemblance with the local features of the X-ray
structure (Figure 4A) reflect the high occupancy and the with ribosomal translocation (Peske et al., 2000; Rodnina
et al., 2001). We propose that after the GTP hydrolysisuniformity of the sample, and allow a high degree of
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on EF-G, a transition of the factor from the GTP (Figure the 70S·EF-G complex in the presence of puromycin
(sample in Figure 1E), we substituted the GDPNP (GTP4A) to the GDP state (Figure 4B) is required to move the
analog) with GTP, the resulting map clearly showed a30S subunit back to the position displayed before the
tRNA still residing in the P/P site, while EF-G was notratchet-like rotation. This back movement could be ac-
visible due to its turnover. This result indicates that thecompanied by the mRNA shift of one codon in relation
blockage of the mRNA movement due to the vacant Ato the 30S subunit that occurs during every translocation
site prevented the translocation (data not shown). Thestep.
P/E position of the tRNA that we observe in the 70S·EF-In the case of the EF-G·GDP·fus complexes, the iso-
G·GDPNP complex can be understood as an effect oflated cryo-EM densities for the factor suggest an overall
this blockage. Previously, Moazed and Noller (1989) fol-structure similar to the EF-G·GTP state described in
lowed the movements of tRNAs through the ribosomalFigure 4A (data not shown). However, the maps did not
cavity using chemical footprinting. From that work, itprovide a detailed definition of the local features for
was believed that immediately after the transfer of theEF-G domains; the masses were discontinuous and did
peptide from the P site to the A-site tRNA, these tRNAsnot sum up to the whole mass of the factor. The struc-
move to the P/E and A/P hybrid sites, respectively. Thetural definition was particularly poor in the region of
concept of tRNAs that are translocated in two stepsdomains III, IV, and V. This indicates, firstly, that EF-
and the existence of intermediate hybrid positions wereG·GDP·fus has a structure closer to the GTP than to
predicted before (Bretscher, 1968), but in the work bythe GDP conformation of EF-G and, secondly, that the
Moazed and Noller (1989) this first transition was seenpresence of fus and GDP makes the factor flexible
without the participation of EF-G. Furthermore, a treat-enough to adapt to the different ribosome conforma-
ment with puromycin of an aminoacylated tRNA in thetions that are available before and after unlocking.
P site (a ribosomal complex with a vacant A site) led toIn all the structural characterizations of the 70S ribo-
a P/E tRNA intermediate, as well (Moazed and Noller,some·EF-G interaction performed in our group (Agrawal
1989). This latter complex is essentially equivalent toet al., 1998, 1999, 2000a, 2000b), as well as EF2 com-
our poststate ribosome in the presence of puromycinplexes with the eukaryotic ribosome (Gomez-Lorenzo
(shown in Figure 1B), but in our case the tRNA remainset al., 2000), the arrangement of the domains of the
in the P/P site after peptidyl-transfer.elongation factors and their binding sites on the ribo-
To further investigate this discrepancy between re-some are very similar. In contrast, Stark and coworkers
sults obtained with different methods, we have analyzed(2000) postulate drastic conformational changes of EF-G
a prestate complex containing a deacylated P-site tRNAcombined with migrations of the binding sites on the
and a peptidyl fMet-Phe-tRNAPhe in the A site after thetwo ribosomal subunits. This latter model is based on
peptide transfer reaction. The complex was obtained bycryo-EM studies of 70S ribosome·EF-G complexes in
short incubation of initiated ribosomes that carry anthe presence of the antibiotic thiostrepton, which binds
fMet-tRNAfMet in the P site with a Phe-tRNAPhe in theto the L11 protein region at the base of the L7/L12 stalk
presence of EF-Tu and GTP. No antibiotics or GTP ana-of the 50S subunit (Highland et al., 1975), one of the
logs were used that could inhibit peptidyl-transfer (90%binding sites for EF-G. Therefore, the interference by
of the A-site tRNAs were bearing the fMet-Phe dipeptidethe antibiotic could have led to an aberrant structure of
as judged by HPLC analysis). The final 3D map is shownthe elongation factor. Furthermore, the conformational
in Figure 5. As in most of the ribosomal complexeschanges they postulate for the translocation factor are
visualized in our lab, the E site is occupied by tRNA,difficult to reconcile with the space that is available
which we attribute to free deacylated tRNAs that havebelow the L7/L12 stalk (Ramakrishnan, 2002), which
high affinity for the ribosomal exit site. Despite the pres-makes difficult to assess the validity of their interpre-
ence of a peptide in the A-site tRNA and the deacylationtation.
of the P-site tRNA, the deacylated tRNA has stayed in
Among the binding sites for EF-G, the stalk formed
the P/P position. In the case of the A-site tRNA, we
by proteins L7/L12 and its base have been seen in close
cannot rule out an A/P hybrid state because the 3D map
interaction with the factor. Particularly important is the does not allow an unambiguous tracing of the ssRNA
putative interaction of the stalk that triggers the GTPase at its CCA end, and this flexible region could reach
activity of EF-G (Savelsbergh et al., 2000). The stalk is close to the P site on the 50S subunit. However, the
known to be very flexible, but it is apparently stabilized occupation of this region by the P/P tRNA suggests that
in some ribosomal binding states and thus could be fMet-Phe-tRNAPhe is still in the A/A configuration. This
morphologically described (Agrawal et al., 1998; Stark indicates that, in the high-efficiency mRNA translation
et al., 2000). However, in the current cryo-EM maps, no system we have used, there is no movement of tRNAs
such stabilization is seen, as the stalk appears reduced to hybrid positions after peptide bond formation and
by conformational averaging, so no conclusions can be prior to the interaction of EF-G with the ribosome.
drawn about this region of the map. A spontaneous translocation of tRNAs in the 50S sub-
unit after the peptide bond formation would result in
Implications for the Translocation Process P/E and A/P hybrid states for the tRNAs. The postulated
An A-site tRNA, and particularly its anticodon, is re- driving force in the mechanism is the difference in affini-
quired for EF-G dependent translocation (Joseph and ties that the 50S A, P, and E sites have for the 3-end
Noller, 1998). Its absence in the complexes presented of tRNAs (Noller et al., 2002). The specific affinity of the
here blocks the transition to the poststate, thereby pre- 50S P site for the peptidyl moiety and the high affinity
serving strong binding of EF-G in the GTP form and, at of the 50S E site for deacylated tRNAs (Lill et al., 1989)
could move the acceptor stems of A- and P-site tRNAsthe same time, preventing mRNA movement. When, in
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Figure 5. A Pretranslocational Complex
Rendering of the cryo-EM map for 70S ribosome bearing deacylated tRNAfMet in the P site (green) and dipeptidyl fMet-Phe-tRNAPhe in the A
site (magenta). The E site is occupied by deacylated tRNA (orange) available in the solution.
(A) shows the segmented map in solid, while in (B) a semitransparent representation of the ribosomal subunits allows the visualization of the
tRNAs in A, P, and E sites.
to the E and P sites before the interaction of EF-G with yet available to be accepted by puromycin. Furthermore,
it has been shown that the P-site tRNA does not prog-the ribosome (Noller et al., 2002). However, recent
results using enzymatically active 50S subunits from ress to the P/E state immediately after the peptide bond
formation (Wower et al., 2000).Haloarcula marismortui presented evidence that this
spontaneous movement in the 50S subunit does not There is an integrated model for the protein elongation
cycle; the - model (reviewed in Marquez et al., 2002).immediately follow the peptidyl-transferase reaction
(Schmeing et al., 2002). In the crystal structure of the This postulates a reciprocal coupling between the A and
E sites that limits the number of tRNAs that can be50S subunit the CC-puromycin used as an A-site tRNA
analog remained in the 50S A site after accepting the simultaneously present on the ribosome (at the A and
P sites, or P and E sites) during protein synthesis topeptide from the P site CCA analog, and this deacylated
CCA was found in the 50S P site. Despite the fact that the maximally two. Our cryo-EM map of the pretranslocation
complex does not support this model, since Figure 5peptidyl-transferase reaction was fully accomplished in
the crystals, the P and A site substrates did not move clearly shows three tRNAs, A-, P-, and E-site tRNAs,
bound to the ribosome just after peptidyl-transfer in anfrom their original position, and it is reasonable to think
that those analogs could have been moved easier than authentic elongation cycle. In the - model the translo-
cation of tRNAs is accomplished by movable ribosomalcomplete tRNA, which have multiple interactions with
both ribosomal subunits. Nevertheless, the results in domains, and the tRNA-ribosome interactions are con-
served. We observe that the ratchet-like rotation is ac-that work (Schmeing et al., 2002) were still understood
as fitting into a model of spontaneous movement of companied by the movement of the L1 stalk, but the
combination of both motions still requires tRNA tran-tRNAs in the 50S subunit, and the structure was pre-
sented as a “pretranslocational intermediate.” Our cryo- sients (as the visualized P/E hybrid position) that interact
differently with the ribosomal subunits.EM study supports a different interpretation, namely that
the movement of tRNAs to their hybrid sites occurs only Accordingly, we propose a model for the translocation
mechanism in which the peptidyl-transfer reaction leadsthrough the action of EF-G, and agrees with the X-ray
structure of the 50S subunit after the peptide bond for- to a ribosome with a deacylated tRNA in the P/P site
and a peptidyl-tRNA in the A/A site (Figure 5). The ribo-mation (Schmeing et al., 2002).
In addition, the transition of the tRNAs to A/P and P/E some has been unlocked in this step so that it now can
switch to a conformation with high affinity to EF-G inhybrid states due to the ribosomal interaction with EF-G
would explain why the preribosomes are not puromycin- the GTP form. The switch involves a relative movement
of the small subunit and a conformational change of thereactive (Moazed and Noller, 1989) until the binding of
the elongation factor (Borowski et al., 1996). This lack L1 stalk, and the combination of both motions results
in an L1 stalk-tRNA interaction. During the switch, pepti-of reactivity against the antibiotic would be the conse-
quence of the fact that, before the binding of EF-G to dyl-tRNA in the A/A site moves to the A/P site and deac-
ylated tRNA in the P/P site moves to the P/E site. Afterthe prestate ribosome, the 3 end of the peptidyl-tRNA
in the A site does not move to the P site in the 50S the hydrolysis of GTP and dissociation of inorganic
phosphate, EF-G adopts the GDP conformation (Rod-subunit spontaneously, and therefore no substrate is
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nina et al., 2001), and the conformational change of the Table 2. Number of Particle Images and Resolution Achieved for
factor (compare Figures 4A and 4B) causes the move- Each Ribosomal Complex Reconstructed
ment of the 30S subunit to be reversed. Simultaneously,
Number of
the transition of the L1 stalk to the open form (i.e., away Images Resolution (A˚)
from the inter-subunit space) carries the former P-site
70S·MFTI-tRNAIle 14,965 11.2tRNA to the E site. In our model, the 30S subunit moves
70S·MFTI-tRNAIle·EF-G·GDP·Fus. 26,547 13.1twice with respect to the 50S subunit. The required dis-
70S·MFTI-tRNAIlePur. 20,892 12.8
placement of the mRNA relative to the 30S subunit could 70S·MFTI-tRNAIle·EF-G·GDP·Fus.Pur. 41,161 11.7
take place as a consequence of the first (ratchet-like 70S·MFTI-tRNAIle·EF-G·GDPNPPur 38,858 10.8
70S·tRNAfMet· fMet-Phe-tRNAPhe 52,181 10.0rotation) or the second (reversion to the original relative
position between subunits) conformational change, or
as a result of both. The regulation during the elongation
cycle by the P-site tRNA can be summarized in terms
The release of peptide was detected by filtration of the mixtureof effecting an alternation between the pre- (unlocked)
through nitrocellulose. No detectable A-site tRNA was translocatedand post- (locked) ribosome structure. A deacylated
without EF-G. In addition, using HPLC analysis it was shown thattRNA in the P site (prestate ribosome, unlocked) allows
more than 90% of the A-site bound tRNA carried the dipeptide.
the incoming EF-G·GTP to promote conformational
changes in the ribosome for the purpose of transloca- Cryo-Electron Microscopy and Image Processing
tion. A peptidyl-tRNA in the P site (poststate ribosome, The solutions containing ribosomal complexes were diluted in the
same polymix buffer to a final concentration of 32 nM. Cryogridslocked) will display a strong resistance to relative move-
were prepared following standard procedures, and micrographsments between the ribosomal subunits, defining a stable
were taken in low-dose conditions on a Philips Tecnai F20 at 200architecture, required for the rapid and accurate reading
kV and a magnification of 49,700. The micrographs were digitized
of the following codon in the mRNA. with a step size of 14 m on a Zeiss/Imaging scanner (Z/I Imaging
In order to show the ribosomal motions described in Corporation, Huntsville, AL), corresponding to 2.82 A˚ on the object
the present work, we have provided a movie as Supple- scale. The three-dimensional reconstructions were calculated using
the 3D projection alignment procedure (see Frank et al., 2000). Themental Data (see Supplemental Data). In a superimposi-
resulting 3D maps were CTF-corrected and X-ray solution scatteringtion of the 70S·MFTI-tRNAIlepuromycin maps after (de-
data were used to correct the Fourier amplitudes (Gabashvili et al.,scribed in Figure 1B) and before (Figure 1E) interaction
2000). The resolution of the final 3D maps was estimated by the 0.5
with EF-G·GDPNP, the conformational changes in the cutoff in the Fourier shell correlation. The final number of individual
ribosome can be seen from different orientations in a images and the resolution achieved is listed in Table 2.
dynamic representation. In the rendering of the cryo-EM maps, the density cutoffs were
set for the display of envelopes that represent120%–140% of the
a priori estimated volume for the 70S ribosome complexes.Experimental Procedures
Docking of Atomic StructuresPreparation of Ribosomal Complexes
The docking of X-ray structures into the cryo-EM maps was madeRelease complexes (RC) carrying MFTI tetrapeptidyl-tRNA in the P
using O (Jones et al., 1991) and the visualization was performed insite and UAA stop codon in the A site were prepared using in vitro
IRIS Explorer. EF-G domains were taken from the Thermus ther-translation according to Zavialov and coworkers (2001). In the puro-
mophilus H573A mutant crystal structure in complex with GDP (PDBmycin-treated samples, 0.13 M RC were incubated with 0.4 mM
code: 1FNM from Laurberg et al., 2000). The coordinates of thepuromycin. In the samples containing EF-G and guanine nucleotides
ribosomal proteins and rRNAs were taken from published atomic4 M EF-G and 0.4 mM GDPNP or GDP were included in the incuba-
structures (PDB code 1FFK for the 50S subunit from Ban et al.,tion. In the case of GDP, 0.4 mM fusidic acid was present. After 5
2000; 1FJF for the 30S subunit from Wimberly et al., 2000) and themin of incubation at 37C, the reaction mixture (50 l) was diluted
docking was performed using the coordinates as rigid bodies.to 32 nM concentration of RC and was stored on ice. Cryogrids
were prepared in a cold room (at 4C). The occupancy of EF-G in the
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